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SUMMARY
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The highlights of several studies at the Langley Research Center of the NASA
to determine potential utilization of recent new materials for aerospace vehicle
applications are presented. The materials are reviewed in terms of possible use
in nose and leading edges, external heat-shield surfaces, and primary load-
carrying structures. For the most severely heated portions of aerospace vehicles,
the performance of JTA graphite, porous oxide ceramics, and a Cr-Mg0 cermet are
reviewed. Significant test results from thoriated nickel and vanadium-base alloys
that may find use for external surfaces and for primary structure are reported.
The role of beryllium produced by plasma spraying for structural and heat-sink
applications is briefly indicated. Significant material properties, metallurgical
characteristics, and fabrication capabilities are discussed with particular ref-

erence to desirable properties and notable deficiencies. RourHER

INTRODUCTION

The severe environments associated with different aerospace vehicles have
created a need for greatly improved materials for use in the structure and
thermal-protection systems. As a result of this need, the materials community is
constantly introducing many types of new or improved materials to cope with the

new environments. Frequently very little material property data and test
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experience are reported to assess the potential usefulness of the proposed mate-
rial. In order to establish the characteristics and to categorize these new oOr
improved materials, the Langley Research Center of the NASA has been pursuing
investigations that include mechanical, physical, and chemical property determina-
tions, metallurgical evaluation, fabrication, and joining studies. The studies
are expected to aid in determining significant properties and whenever possible
the materials deficiencies.

In this paper, only the highlights of several studies on metallic, ceramic,
or metal-ceramic compositions will be presented. These types of materials may‘be
useful under moderate heating conditions assoclated with 1lifting reentry vehi-
cles. Ablation materials that are tailored to operate in the thermal-protection
systems of ballistic or low-lifting-type vehicles will not be included. Six
relatively new or heretofore unexplored materials will be discussed. These mate-
rials are noted in figure 1.

Three materials, namely JTA graphite, porous oxide ceramics, and Cr-Mg0
cermet, will be discussed with regard to possible applications in the stagnation
areas (such as nose caps and leading edges) of aerospace vehicles. The usable
temperature range for these materials would probably extend above 2,500° F.

Nickel containing dispersed thoria, commercially known as thoriated or TD
nickel, and newly developed vanadium alloys are considered to have potential
application in thermal-protection systems involving metallic heat shields and in
the hot primary load-carrying structure of the vehicle. The useful temperature
range for these materials would probably be from approximately 1,500° F to
2,500° F.

The last material noted is plasma-sprayed beryllium. This material has been

frequently considered to be a potentially useful material although little
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information on its structural characteristics is available. Plasma-sprayed

beryllium would be limited in use for load-carrying structures to temperatures
below approximately 8000 F and for heat-sink, nonstructural =

mum usable temperature would probably be in the Vvicinity of 1,500° F.

RESULTS OF INVESTIGATIONS

JTA Graphite.- Although many types of commercial graphites are available,

relatively little use has been made of this material in either load-carrying or
thermal-protection systems. Graphite possesses several outstanding desirable
characteristics such as high-temperature strength, good thermal shock resistance,
and high melting point; however, several notable deficiencies also exist, among
these its brittleness and poor oxidation resistance. Several types of coatings
for graphite have been studied for oxidation protection and to date no generally
satisfactory coating is available.

A recent advance in the development of graphite is of interest. This
advance is in the form of a new graphite (ref. 1) which is commercially known as
JTA and consists of graphite to which zirconium diboride and silicon have been
added. This composite material is expected to provide its own oxidation-resistant
coating during exposure at high temperatures. In order to evaluate the perform-
ance of this type of material, the Langley Research Center has been conducting
both static and dynamic oxidation tests on the JTA graphite.l The results of
the static oxidation tests indicate that the material has the capability to form
a protective coating to reduce the oxidation of the graphite. The weight losses

established from tests in a static oxidizing atmosphere for the JTA graphite are

1The preliminary data reported herein were obtained by Donald R. Rummlier of

the Structures Research Division, NASA Langley Research Center.
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generally 20 to 30 times less than the weight losses obtained from other commer-
cial graphites at corresponding temperatures.

The performance of the JTA graphite under dynamic oxidation conditions also
appears to be greatly improved as compared with standard graphite. 1In figure 2
a JTA graphite specimen is shown under test in the 2,500 kw arc jet at the Langley
Research Center. At the left is shown a standard ATJ graphite specimen after
3 minutes of exposure in this arc jet at a free-stream temperature of approxi-
mately %,500° F. A weight loss of over 50 percent occurred. This large weight
loss is an indication of the rapid surface recession produced by oxidation. The
specimen shown on the right is the new composite graphite JTA after a total of
24 minutes exposure in the arc jet. A weight loss of approximately 5 percent
occurred during this total test time. The 24 minutes total test time was
obtained from 4 separate tests of the same specimen. The protective layers that
formed on the surface spalled slightly during these cyclic heating tests but the
magnitude of weight change was very low in contrast to that obtained with the
standard ATJ graphite.

A complete understanding of the mechanism that protects the JTA graphite
during dynamic oxidation testing has not been obtained to date; however, it
appears that some of the protection is derived from zirconia that forms on the
surface. The role of silicon and boron in the oxidation protection mechanism is
not completely established. More evaluation tests of this composite graphite are
required before it can be firmly established as a significant aerospace material.
The available experience, however, suggests that the material has definite prom-
ise, although data have not yet been obtained on the mechanical properties.

Porous oxide ceramics.- Porous oxide ceramics such as alumina, zirconia, or

hafnia have been considered for use in the thermal-protection systems of certain
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aerospace vehicles (refs. 2 and 3). Figure 3 shows a typical porous ceramic.
This material is zirconia with approximately 85-percent voids. The zirconia has
a high melting point of approximately L,800° F, possesses good oxidation resist-
ance, low thermal conductivity, and contains interconnecting pores that permit
impregnation of the ceramic with ablation materials or passage of materials for
transpiration cooling. Utilization of this material in heat shields involves
attaching the ceramic to the metal substructure by adhesives or cther bonding
materials. When the porous ceramic is subjected to external heating, the low
melting materials contained in the pores transpire through the interconnected
pores and provide the necessary cooling for the vehicle. Little if any surface
recession would be anticipated with this type of system and consequently no
important changes in aerodynamic performance of the vehicle would be experienced.
In addition, the ceramic matrix remaining after the ablation process is completed
provides a relatively good insulator between the externally heated surface and
the cooler internal structure because of its low thermal conductivity. The
ceramic may also provide a coating for protection of the structure from oxidation.

One of the principal deficiencies of this thermal-protection system appears
to be the temperature limitation imposed by the adhesive used for attachment of
the porous ceramic to the metallic structure. Relatively low temperatures must
be maintained at the bond line to prevent separation of the ceramic shield from
the metallic structure. In order to permit higher bond line temperatures a lim-
ited study was undertaken to investigate several methods of attaching porous
ceramics to metals.

The efforts to join the ceramic to metal were based on establishing a graded

material between the metal and ceramic to give compatibility of thermal expansion
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coefficients.2 One of the efforts consisted of spraying the porous ceramic
(alumina in this case) with alumina powder to establish a dense surface. The
ceramic surface was then plasma sprayed with successive layers of tungsten,
molybdenum, columbium, and nickel in various combinations. This combination was
next vacuum brazed at approximately 2,000° F to the metallic sheet using nickel
braze alloys. A parallel effort was made using an expansion graded combination
of nickel and alumina. This mixture was sprayed on the structural sheet (René 41)
starting with pure nickel and increasing the alumina content until 100-percent
alumina was obtained on the outer layer. Silica was used to join this composition
to the ceramic.

A somewhat different approach is shown in figure 4 which consists of intro-
ducing a low-density metal matrix (on the order of 5 percent of theoretical den-
sity) between the ceramic and the metal structure. The low-density metal layer
was selected to provide a low-bulk-modulus filler material between the struc-
tural metal and the porous ceramic.

The various approaches outlined appear to show some promise for attachment
of the ceramic to the metal; however, the assembly usually fails during the
cooling portion of the brazing or bonding cycle because of the low shear strength
of the porous ceramic. An assessment of the results obtained to date indicates
that the porous ceramic does not hold much promise as a heat-shielding material
until major improvements are obtained in its mechanical strength properties.

Cr-Mg0 cermet.- A composite of chromium and magnesium oxide has become

available recently as a possible aerospace material for high-temperature use

2The preliminary data reported herein were obtained by William H.

Herrnstein ITI of the Structures Research Division, NASA Langley Research Center.
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(ref. 4). This material, shown in figure 5, consists of a high percentage of
chromium with 5~ to 20-micron-sized magnesium-oxide particles dispersed uniformly
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throughout. & was reported to possess good rooim-
temperature ductility and to be usable at high temperatures without coatings for
oxidation protection. No data were avallable on the performance of this cermet
material in sheet form. For this reason, a preliminary investigation was made to
obtain such data for 0.020-inch-thick sheet (ref. 5). This material thickness
was selected to compare favorably on a weight-per-square-foot basis with minimum
gage sheet of molybdenum or columbium considered for aerospace vehicles.

The results of tensile tests are shown in figure 6 where the tensile and yield
strength as well as the elongation in a l-inch gage length are plotted against
temperature to 2,500° F. The elevated-temperature results were obtained by
testing immediately after reaching the test temperature. The tensile results
show the strength values are low at elevated temperature, but it appears that
this material may be useful in lightly loaded areas such as the leading edge or
nose applications.

An examination of the oxidation properties of the cermet was also included
in the investigation. Curves showing the oxidation test results are given in
figure 7. In this figure the material recession produced by oxidation is plotted
against test time. Note that at 2,800° F the 0.020-inch-thick sheet would be
completely destroyed in less than 3 hours if oxidation occurred from both sides
although this is not the case at 2,000° F. Although the loss of material due to
oxidation is rapid, an embrittling mechanism was noted during elevated-temperature
exposure that overshadows the loss of material due to oxidation. This embrittling

effect can be seen in figure 8. On the left is a micrograph of the material

exposed at 2,000° F for 4 hours, and on the right is a micrograph of the sheet
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after an exposure of U4 hours at 2,500° F. The numerous straight lamellar pre-
cipitates that appear in the grains and grain boundaries in the right-hand fig-
ure are evidence of nitrogen penetration into the material. The nitrogen com-
bines with the chromium to form chromium nitride CrpN which produces embrittle-
ment. This nitrogen penetration into the material was found to be approximately
five times greater than the loss of material due to oxidation above 2,200° F.
This nitrogen embrittlement reduced the elongation to approximately zero and
changed the cermet from a ductile to a brittle material.

The chromium cermet sheet also appeared to be embrittled by another entirely
different mechanism. It was noted that small surface scratches changed the mate-
rial from an apparently ductile material at room temperature to a brittle mate-
rial. This type of embrittlement is frequently indicative of high chromium base
alloys. This behavior would be particularly undesirable if use were made of the
material without frequent inspections for surface scratches.

Our test results on the cermet sheet indicate that the sheet oxidizes too
rapidly above 2,400° F to be of interest in thin gages. The embrittling effect
of nitrogen and the sensitivity to small scratches and surface conditions further
make the material marginal for aerospace use in sheet form. Use of the material
in thicker sections may possibly overcome some of these deficiencies.

Thoriated nickel.- A recently developed nickel containing approximately

2~-percent thoria (known as thoriated nickel or TD nickel) has received consider-
able attention recently (refs. 6 and 7). An electron micrograph of the material
is shown in figure 9. The material consists of nickel with a uniform dispersion
of submicron-sized thoria. The thoria acts as an effective strengthening agent
for the nickel at elevated temperatures by blocking grain boundary and disloca-

tion movement. Elevated-temperature tensile properties are shown in figure 10
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where the tensile and yield strengths and elongation are plotted against tempera-
ture. The room-temperature tensile strength is approximately 80 ksi and the
ion is approximately 15 percent. The elevated-temperature strength
decreases to 4,100 psi at 2,500° F. This temperature is within 150° F of the
melting point of the material.

Studies were also conducted to establish the oxidation characteristics of
the thoriated nickel. Some of the data obtained in the investigation are shown
in figure 11. The weight gain is plotted against test temperature. Results are
shown for uncoated thoriated nickel and for aluminide-coated thoriated nickel
(calorizing process) at 10 and 100 hours. The calorizing coating proved very
effective in reducing weight gain due to oxidation. Even though the nickel mate-
rial is not exceptionally resistant to oxidation, it should be noted that no
grain boundary oxidation occurs as is frequently noted in precipitation-
strengthened nickel-base superalloys considered for high-temperature use. This
result is very significant because the loss of strength can be attributed only
to surface recession. Embrittlement associated with grain boundary. oxidation is
not obtained even after prolonged exposure at 2,500° F.

Various types of fabrication and joining methods were investigated to deter-
mine the ability of the TD nickel to be formed and joined into useful structural
configurations. The types of welding methods that were studied included electron
beam, tungsten inert gas, and resistance welding. Of these, the resistance
welding produced the least amount of agglomeration of the thoria. Diffusion
bonding was also investigated. Small sandwich panels joined by diffusion bonding
are shown in figure 12. The sandwich panels consist of alternate layers of flat
and dimpled sheets. In the left-hand view the thoriated-nickel sheet was 25 mils

thick. In the right-hand view the dimpled sheets were 2 mils thick, the external
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face sheets 10 mils, and the interior flat sheets 4 mils thick. Excellent joints
were obtained by diffusion bonding. The specimens were encapsulated in a small
metal retort and evacuated to about 10’4 torr by a pumping system consisting of
a mechanical and a diffusion pump. The sandwiches were then subjected to a
bonding temperature of 2,OOOO F for 24 hours. One of the bonded joints between
the face sheet and dimpled sheet is shown in figure 13. This figure shows the
dimpled sheet in the upper half and the flat face sheet in the lower half. Both
sheets were 25 mils thick. An excellent bond was obtained. No evidence of
agglomeration of the thoria was detected.

The TD nickel, developed by the E. I. DuPont De Nemours and Co., is under-
going further improvements. A recent modification revealed by the company which
is in the latter stages of development consists of a molybdenum addition to the
thoriated nickel. The molybdenum is added as a solid solution strengthening
agent. Preliminary test results reported by the company's research laboratory
indicate a significant strength increase at room temperature from 80 ksi to
115 ksi and at 1,200° F from 30 ksi to 65 ksi. The 100-hour rupture strengths
at 1,600° F to 1,900° F are approximately doubled (15,000 to 25,000 psi and 9,000
to 15,000 psi, respectively). Preliminary results indicate that the molybdenum
modified thoriated nickel is much stronger than ordinary TD nickel to 1,900° F
and above this it is at least as strong to 2,500° F. In addition, no degrada-
tion of the oxidation resistance found in the ummodified TD nickel is obtained
with the newer material.

The assessment of test experience suggests that thoriated nickel is a mate-
rial with considerable promise for aerospace vehicle applications. Further
improvements in the material are expected and such improvements should make its

potential use even more promising.
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Vanadium alloys.- Vanadium alloys are receiving attention as structural mate-

rials because of the potentially outstanding characteristics in the 1,800° F to

D
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-

F temperature range. The limited data availabl
gested that in this temperature range the vanadium alloys on a strength-weight
basis would be the optimum materials for construction (ref. 8). Because of this
potential as a structural material, NASA as well as other governmental and indus-
trial organizations are undertaking a preliminary evaluation of several vanadium
alloys produced by the Armour Research Foundation of the Illinois Institute of
Technology for the Bureau of Naval Weapons (ref. 9).

Two alloys of vanadium that merit attention have been produced to date.
These are noted in figure 14 which shows a typical microstructure of the
V-60 w/o Cb alloy. The composition and density of the 20 w/o columbium, 4 w/o Ti,
and 1 w/o Zr are shown on the left, and on the right are those of the 60 w/o
columbium and 1 w/o titanium alloy. The density of the alloy on the left is
0.228 pound per cubic inch and that on the right is 0.268 pound per cubic inch.
Both of these alloys are undergoing evaluation tests in various organizations at
the present time.

The elevated-temperature tensile properties of these alloys are shown in
figure 15. The strengths of both alloys are shown plotted against temperature
to 2,400° F. Elongation is shown for the 20 w/o columbium alloy but the measure-

ments were not obtained for the other alloy. The vanadium alloy containing

60 w/o columbium shows higher strength values than the 20 w/o columbium alloy

over the entire temperature range. This result is expected because columbium
has greater elevated-temperature strength than vanadium. One potential disad-

vantage is suggested by the high elongation of the material above 2,200° ¥, This
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elongation of over 100 percent generally indicates poor long-time strength and
creep properties.

Oxidation tests were made on the uncoated vanadium alloys at 1,800° F and
1,9500 F. These results are shown in figure 16. The surface recession is
plotted against time. Both alloys display poor resistance to oxidation, even at
1,800° F and thus coatings for protection against oxidation are required. The
material loss at 1,800° F is almost twice as great for the 20 w/o columbium
alloys as that for the 60 w/o columbium. The large percentage of columbium
appears to retard the oxidation appreciably.

Both alloys were coated with a silicide-type coating to protect the metal
against the rapid oxidation (ref. 10). The results of the static oxidation tests
for the 60 w/o columbium alloy are given in figure 17. The change in weight of
coated specimens expressed on a percentage basis is plotted against time. Results
are shown for a silicide coating at three test temperatures. A pure silicide
coating appears to protect the 60 w/o columbium alloy satisfactorily to tem-
peratures of 2,4000 F during static oxidation testing, but above this tem-
perature the coating is not reliable. Essentially the same results were found
during cyclic oxidation testing. Initial work on the 20 w/o columbium alloy
indicates that the same coating does not afford protection to the material
above 2,000° F and that modification to this coating must be made if the mate-
rial is to be used above this temperature.

In addition to these studies, joining, machining, and forming operations
were carried out on both alloys. Machining and forming operations were accom-
plished with relative ease on the alloy containing 20 w/o columbium. Considerable
difficulty was encountered in milling the alloy containing 60 w/o columbium.

Joining efforts including tungsten inert gas and electron beam welding were made
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with generally cxcellent results. Tests on butt welds at 2,000° F, for example,
gave strengths that were approximately 75 percent of the original material
strength at that temperature.

Although only iimited amounts of the vanadium~alloy material have been
avajilable to date, the test results suggest that some additional improvements
are needed in the basic alloys to enable vanadium alloys to find their place as
useful high-temperature structural materials. Their low resistance to oxidation,
difficulty in machining some of the highly alloyed sheet materials, and suspected
poor creep properties are specific deficiencies that should receive attention in
further development efforts on the material., Some efforts are currently underway
at the TI1llinois Institute of Technology to improve long-time properties of the
material by dispersion strengthening.

Plasma-sprayed beryllium.- In spite of the fact that beryllium possesses the

highest stiffness-~density ratio available with any structural material, its use
in structures has been very limited to date (refs. 11 and 12). Brittleness,
toxicity, high cost, and fabrication difficulties are major deterrents to its
use. In order to circumvent some of these difficulties, plasma-sprayed beryllium
has frequently been mentioned as a possible approach to the use of the metal.
Plasma-sprayed beryllium would possibly eliminate many of the forming and joining
problems that exist with the use of more conventional mill products. If feasible,
this approach might also reduce the cost of making complex structural components.
In order to determine the feasibility of plasma spraying and to establish
some of the characteristics of plasma-sprayed beryllium, a preliminary investiga-

tion was undertaken.’ Some of the specimens that were produced during the course

5This preliminary work was done by D. R. Rummler of the Structures Research

Division, NASA Langley Research Center.
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of this study are shown in figure 18 which shows beryllium specimens produced
for NASA by plasma spraying. The tensile specimen labeled A shows the as-sprayed
outside surface. The specimen labeled B shows the inside or back surface. The
third specimen labeled C was produced by plasma spraying and sintering followed
by surface grinding to achieve uniform thickness to permit tensile testing. The
hollow cylinder labeled D was produced by plasma spraying followed by gas pres-
sure consolidation. No attempt was made to grind the surfaces of specimens A,
B, and D. Some variations in thickness existed in these specimens and for this
reason they were not utilized in strength tests.

The microstructure of the sprayed beryllium is shown in figure 19. The
photomicrograph on the right shows the plasma-sprayed material (500x) and on the
left is shown a conventional beryllium sheet. Note that the plasma-sprayed
beryllium displays a random structure. Inclusions and porosity not evident in
the cast material exist in the plasma-sprayed material. The density of the
plasma-sprayed beryllium is approximately 95 percent of the theoretical density
after sintering.

Tensile stress-strain results obtained from the plasma-sprayed and sintered
specimens and for the QMV material are shown in figure 20. Stress is plotted
against strain. The solid curve was obtained from published results on the QMV
material (ref. 11). The yield strength on the dashed curve for the plasma-
sprayed and sintered material appears to be higher (48,700-psi yield strength as
against 33,000-psi yield strength for the QMV material). The study of plasma-
sprayed beryllium indicates that porosity and foreign inclusions appear to be
detrimental to the tensile properties of the material. Use of the plasma-sprayed

beryllium for load-carrying structural elements looks promising but will require
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further investigation before its role in aerospace structures is clearly defined.

Its potential use for heat-sink applications also requires further study.

CONCLUDING REMARKS

In conclusion, a preliminary investigation of six materials for possible
application in aerospace vehicles has been made at Langley Research Center. The
investigation indicates that some of the materials exhibit promise for use in
hot structures and thermal-protection systems; however, most of the materials
have deficiencies that should be eliminated before the materials may be expected

to find greater use in aerospace vehicles.
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Figure 5.- Microstructure of Cr-MgO sheet, 500X.



*qomIsd O8W-I) Jo sarjaadoad TeoTuegoSW -°9 2anSTd

YSVN

4o ‘IHNLVYI4WNIL

ooz'e 002 009l 008 0
0 _ T _ _ _ [ T
St ol
ol- 02, ISH
LN3043d 'SS3LS
HONI | NI FSNAL
NOILVONOT3 og
3LVAILLIN ob




*qouLIo0 OSW-JI) Poreooun Jo saTqrxsdoad uoTywPIXQ -°) INBTI

VSVYN
¥H ‘JWIL
b2 2] 2l 9 0
| | 1 !
4 0002
4 400}
4 00092
— 800
- ‘NI

‘SSOT IVIN3LVW

4 40082 1310

mE-1le}




*X0G) L ‘0BW-I) JO 9INJONIFSOIDTW -°Q 2INJTd

VSVYN
400062 1V 34NS0OdX3 ¥NOH ¥ 40,0002 1V 34¥NS0OdX3 mJOI 174
vy a.. ; W ws 4 M‘, *‘
9 ¥ 45
373 o

L8 o Y
.cw:d:
et ey
— ,,_..o..‘ v .o,.w

f.o S

=




*X000°0T ‘TovoTu-arL Jo ydea80oJoTw UOJQO3TH -6 2InITd




VSN

IN3ON3d ¢

‘HONI | NI

*TooTU-qL Jo sarraadoad TeoTueyosy -°0T sanITd

0082

O

NOILVONOT3 4

S

do ‘3YNLVYIAWNIL

00t'2

0002

009l

e

ISH
‘SS3aYIS
JHSN3L




s a0 TU-qL Jo sarqIadoad uoT3EBPIXO -°TT 2aNn314

YSVN

4o ‘JUNLVHILNIL

00t'2 002'2 000'2 008'|
el 5 WO/BIA
\\ — 02 «
- QaNIVO
LHOIZM
\\\/lmz 00l
7 — og
\\
L7 Q3aLvod ——
e QILVOONN —==— |,




*TooTU-qI Jo sToued UDTMDPUBS POPUOQ-UOTSNIITA - 2T SINITd

VSN

TANVA "3AVIILINAN (9)

13NV
Y3IAV1-3T19NIS (D)




VSVN

*X00G ‘999ys ToOTU-(L UT PuUOq UOTSNIITQ -°'¢T 2INSTJ

- - - o
T g— S
A ¥
e e
-
* » “
. >
-
'
P
.
. . u x
- &
X L
ik . . .
& .
- S -
i . »
g
-

—133HS
3Jv4d

. —133HS

d31dnida




‘qooys AoTTe umTpeuBh JO 2aN3oNIFSOIOT 4T a8 1td

VSVN

eNi/87 g22 = ALISN3d
o, JIWOLY Gl=AD O/M 0¢é

1Z O/M1-1L O/M¥-90 O/M 02-A

eNI1/87 892 = ALISN3d
o, DIWOLY G =q0 O/M 09
11 O/M1-90 O/M 0°-A




*3299ys LOTT® aD-A JOo sargaadoad TBOTUBYOSW -'GT oINSTd

VSVN

Jo ‘FUNLVYIAWIL
00b'2 0002 0091 0021 008 OOP 0

0 I | | _ I
Ob NOILVONO13— Ot
L1N30H3d ‘HONI |
NI NOILVONOT3 08 og
ISH

‘SS3YLS
02| —{ 021 3JTSN3IL

J1IVAILLIN — 09|

— 002




+qo00us LoTT® qD-A JO sorixadoxd uoTy3epIX0 -'9T Ehagrpit

VSVN
NIW ‘3WIL
9| 2| 8 7 0
i I I _ 1. —
009-A—~_ -~ |¥00
30081 -~
-800°
40008°| ‘Nl ‘SSO7
IV IY3LVIN
—210°
40066l
—910°
Jdozo




*q99ys LOTT® qD-A JO sotqaadoad uorqepIX) -°LT SJInSTd

VSYN
HH “INIL
002 09l ozl 08 O¥ 0
{ { | | LN
400002
i {z-
1N30¥3d
_h_—3,00%'2 ‘IONVHD
30 09-A
N~ —~——jo LHoI3M
4000072
Jdz+




ssuswtoads umtTTAIaq pokeads-vuserd -°Ql °IN3Td

VSN




PLASMA SPRAYED 500X

AS-CAST ROD, 200X

NASA

Figure 19.- Microstructure of beryllium.
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NASA-Langley, 1963




